Abstract-Capacitors have been witnessed as one of the weak points in grid-connected PhotoVoltaic (PV) applications, and thus efforts have been devoted to the design of reliable DC-link capacitors in PV applications. Since the hot-spot temperature of the capacitor is one of the failure inducers, instantaneous thermal modeling approaches considering mission profiles for the DC-link capacitor in single-phase PV systems are explored in this paper. These thermal modelling approaches are based on: a) fast Fourier transform, b) look-up tables, and c) ripple current reconstruction. Moreover, the thermal modelling approaches for the DC-link capacitors take into account the instantaneous thermal characteristics, which are more challenging to the capacitor reliability during operation. Such instantaneous thermal modeling approaches enable a translation of instantaneous capacitor power losses to capacitor thermal loading from the operating conditions. As a consequence, it offers new insights into the temperature monitoring and reliability-oriented design of the DClink capacitors, and thus a more reliable operation of single-phase grid-connected PV systems can be enhanced. Study results on a 3-kW single-phase grid-connected PV system have been adopted to demonstrate a look-up table based modelling approach, where real-field daily ambient conditions are considered.
I. INTRODUCTION
In addition to the power electronics devices, the DC-link capacitors have been demonstrated to be one of the most lifelimiting components in power electronics applications, like adjustable speed drives, electric vehicles, un-interruptible power supply, wind turbine systems, and grid-connected PhotoVoltaic (PV) systems [1] - [4] , as it is shown in Fig. 1 . As an enabling technology, the power electronics technology will be further expanded into grid-connected renewable energy systems with an increase of interest in the efficiency and the reliability [5] - [9] . Consequently, more stringent requirements (e.g., small size and longer operating time) on the DC-link capacitor are being put forward. In general, the DC-link capacitors in power electronics applications are treated as storage elements. They are responsible for balancing the DC input power from e.g., PV panels (or the DC-DC converter) and the AC output power to the grid, as it is illustrated in Fig. 1 . The DC-link capacitor has also to absorb the high switching frequency ripple currents of the Pulse-Width Modulation (PWM) converters. These fundamental functions result in the basic design considerations for the DC-link capacitors -the voltage stress across the capacitor and the ripple currents/voltages. The criteria have been widely used for the design of DClink capacitor in the grid-connected PWM converters [3] , [10] . Unfortunately, the DC-link capacitor even with an appropriate design margin based on the criteria may also fail to operate, due to the complicated operating and environmental conditions (e.g., transients like voltage sags [11] and hot areas). As a result, a failure of the entire power electronics system occurs. Hence, the reliability of the DC-link capacitors now plays an essential role in the system performance, leading to increasing efforts that are being devoted to reliability improvement and also optimization of the DC-link capacitors [3] , [11] - [17] . It has been revealed that a reduction of DC-link capacitance can contribute to the use of high-reliability capacitors, e.g. film capacitors, and thus improved overall system reliability [3] , [16] . In most of the prior-art studies, focuses have been put on the monitoring of the capacitor Equivalent Series Resistor (ESR) to identify whether the capacitor has been worn out (failed) or not. Thus, an in-time replacement of the DClink capacitor can extend the reliability of the entire system. For example, in [12] , a real time method to estimate the capacitor condition by diagnosing the ESR of the capacitors is introduced, and in [14] , an online ESR detection method based on the capacitor's AC losses is proposed.
Those monitoring methods can relatively indicate the health status of the capacitor, but there is still a gap between the ESR monitoring and the lifetime prediction of the capacitor, as most of the capacitor lifetime models require the hot-spot temperature information (and thus capacitor thermal models) [3] , [11] . Currently, the lifetime prediction of the DC-link
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Mission profile Fig. 2 . Hardware schematics and overall control diagrams of a typical single-phase two-stage grid-connected PV system with an LCL filter (MPPT -Maximum power point tracking, PCC -Point of common coupling), where S is the solar irradiance, Ta is the ambient temperature, and Zg is the grid impedance.
capacitor is based on the calculation of the power losses on the ESR, and thus it can reflect the long-term thermal performance. For instance, in [18] , the mission profiles (i.e., solar irradiance and ambient temperature) have been translated into the capacitor stresses, including both electrical and thermal stresses. However, on-line predicting the lifetime of the capacitor (catastrophic failures) are more challenging, which calls for an instantaneous thermal modelling for monitoring and thus protection of the DC-link capacitors. Hence, as an extended study of [18] , this paper serves to explore the instantaneous modelling approaches for the DC-link capacitor in grid-connected single-phase PV systems. Firstly, the traditional thermal model of the DC-link capacitor is presented in § II, followed by a discussion on the frequency dependency of the capacitor equivalent series resistance. Then, focuses have been put on the instantaneous modelling approaches in § III, which can enable to monitor the instantaneous hot-spot temperature of the DC-link capacitor by measuring the capacitor currents (both low frequency and high frequency ripples). Study case on a 3-kW single-phase twostage PV system by simulations has been provided in § IV before the conclusion of this paper. Fig. 2 shows a typical double-stage single-phase gridconnected PWM inverter system with an LCL filter. In respect to the control of this grid-connected system, it consists of two parts -the boost control aiming at Maximum Power Point Tracking (MPPT) and the inverter control targeting at a proper power injection. Normally, depending on the power ratings, the DC-link voltage v dc is controlled by the inverter as a constant, e.g., v * dc = 400 V. In addition, the injected current by the PV inverter is required to be synchronized with the grid voltage, e.g., by means of a phase locked loop, and also the singlephase system should operate at unity power factor as required. Table I shows the system specifications.
II. MODELING OF DC-LINK CAPACITORS
Since the single-phase inverter under study has an AC power of the double-line frequency (e.g., 100 Hz), the DClink capacitor C dc has to store or release power in order to balance the power difference. Thus, there will inevitably be a double-line frequency ripple at the DC-link capacitor [3] , [10] , [18] . The ripple voltage amplitude ∆v is mainly determined by the input DC power (e.g., the boost converter output) and the DC-link voltage. Ignoring the power losses on the inverter and the LCL filter, the peak to peak voltage ripple can be approximated as,
where P in ≈ P out with P in , P out being the inverter input power and the output power to the grid, respectively, f g is the nominal grid frequency, C dc is the capacitance of the DClink capacitor, and v dc is the DC-link voltage. Moreover, the double-line frequency ripple current of the DC-link capacitor in Root-Mean-Square (RMS) can be given as,
Subsequently, the power losses P c, loss on the DC-link capacitor can be obtained as,
in which the R ESR is the ESR of the DC-link capacitor C dc , and only the double-line frequency ripple currents are taken into consideration. In addition, Eq. (1) also enables a basic component selection of the DC-link capacitance. For instance,
Notes: R thhc -thermal resistance from hot-spot to case
R thca -thermal resistance from case to ambient in this study, the DC-link voltage is controlled as v * dc = 400 ± 10 V, resulting in a 5% peak to peak voltage ripple across the DC-link capacitor (i.e., ∆v = 20 V), and thus the required DC-link capacitance is calculated as C dc = 1200 µF according to Eq. (1) and Table I . Consequently, two capacitors of 2200 µF/385 V can be connected in series as the DC-link, which roughly can fulfill the voltage ripple and voltage stress requirements of the DC-link capacitor.
Moreover, according to Eq. (2), a higher power injection will result in a higher ripple current in the case of a constantcontrolled DC-link voltage. Thus, due to the internal resistance (i.e., mainly the ESR, R ESR ) of the capacitor, there will be more power losses dissipating on the DC-link capacitor, which thus contributes to a hot-spot temperature rise. This heating-up may shorten the capacitor servicing time, and also may induce a degradation of the capacitor performance, especially during transients. Consequently, monitoring the hot-spot temperature of the DC-link capacitor is becoming of more importance in order to ensure a stable operation of the PV system.
The relationship between the capacitor power losses and its hot-spot temperature can be modelled as shown in Fig. 3 , which is a simplified representation of the traditional thermal model of DC-link capacitors provided by the manufacturers. In accordance to Eq. (3) and Fig. 3 , the steady-state hot-spot temperature of the DC-link capacitor T h can then be given as,
where T h is the hot-spot temperature, T a is the ambient temperature, and R th is the total thermal impedance of the DC-link capacitor. When Eq. (4) is used for the hot-spot temperature monitoring, high accuracy is hard to be reached since it only considers the fundamental-frequency ripples of the capacitor current. In fact, the high-frequency ripple currents absorbed by the DC-link capacitor will also contribute to certain amount of power losses, and thus contributing to temperature rise inside the DC-link capacitor of the PV system. Therefore, an accurate hot-spot monitoring and thus a reliability assessment of the DC-link capacitor requires a more detailed thermal model, where the effect from the highfrequency ripple currents flowing into the DC-link capacitor should also be taken into consideration and it will be discussed in details in the following.
III. INSTANTANEOUS THERMAL MODELING
A. Frequency Dependency of the Capacitor ESR
In § II, it has been discussed that the high-frequency ripple current is also one of the contributors to the capacitor total power losses. However, simply replacing the fundamental current with high-frequency ripples in Eq. (3) and then summing up the power losses may result in error in the temperature estimation. This is due to that the capacitor ESR is of significant frequency dependency, as it is demonstrated in the experimental measurements in Fig. 4 , where the ESRs of a film capacitor and an electrolytic capacitor were measured under different frequencies.
It can be observed in Fig. 4 that the ESR of either the film capacitor or the electrolytic capacitor has a significant change under different frequencies. Especially, the ESR of the film capacitor experienced a significant drop along with the frequency increase. In contrast, in a high frequency range (e.g., higher than 1000 Hz), the ESR of the electrolytic capacitor is almost constant, but an ESR difference can be still observed above the fundamental frequency. Therefore, in Fig. 4 , it can be noted that the hot-spot temperature calculation of the DClink capacitors according to Eq. (3) can lead to a relatively large error, and thus low confidence on the lifetime estimation. In the case of using a film capacitor as the DC-link capacitor, the frequency dependency of the capacitor ESR should be taken into consideration in order to achieve a reliable and accurate health monitoring of the DC-link capacitor. Specifically, although the major harmonic component of the ripple current of the DC-link capacitor has a double-line frequency (i.e., 100 Hz), the high-order harmonic components of the switching frequency are not negligible. Therefore, when calculating the hot-spot temperature of the DC-link capacitor instantaneously, the power losses shown in Eq. (3) can be expressed in details as,
B. Instantaneous Thermal Modelling of DC-Link Capacitors
in which N is the number of the time-series points of the capacitor ripple current i c , I ch is the RMS value of the capacitor harmonic currents, and R ESR (f h ) is the corresponding ESR at the harmonic frequency f h representing its frequencydependency. Notably, the R ESR (f h ) is usually provided in the data-sheet of the DC-link capacitor by the manufacturers. Otherwise, experimental measurements similar to those in Fig. 4 can be conducted in order to obtain the ESR at the corresponding frequency. Actually, the measurements also enable a possibility to develop an instantaneous (frequency-dependent) ESR model by using curve-fitting. For example, the ESR of the capacitors shown in Fig. 4 exhibits an exponential decaying trend. Thus, an exponential ESR model can possibly be obtained within a certain frequency range as,
in which 100 ≤ f h ≤ f m with f m being the maximum frequency in the measurements, R ESR (100 Hz) is the ESR at the fundamental frequency (i.e., 100 Hz), A and β are the fitting parameters that can be obtained in the curve-fitting process. Consequently, an online Fast Fourier Transform (FFT) algorithm to the capacitor current can enable the instantaneous hot-spot temperature monitoring of the DC-link capacitor according to Eq. (5) and Eq. (6). The implementation of such a method to monitor the hot-spot temperature of DC-link capacitors is shown in Fig. 6 , where it is also observed that the look-up tables can be adopted for the R ESR (f h ). However, the FFT will consume massive computational resources and may introduce delays in a digital signal processor, which could result in an inaccuracy of the obtained hot-spot temperature of the DC-link capacitor. In addition, inspired by the transient modelling approach introduced in [21] , the instantaneous thermal loading of the DC-link capacitor can also be acquired by means of ripple current reconstruction, as it is illustrated in Fig. 7 . It is known that the ripple current of the DC-link capacitor contains a double-frequency component (I c1 , 100 Hz) in the single-phase grid-connected systems (50 Hz grids), which can be calculated according to Eq. (2) . Similarly, the high frequency harmonics I ch can also be calculated based on the system operating conditions (e.g., the switching frequency f sw , the duty cycle d, and etc). As a consequence, the total power losses of the DC-link capacitor can be obtained by using the look-up table or Eq. (6), leading to a real instantaneous hot-spot temperature monitoring of the DC-link capacitor.
Alternatively, an other simple way to monitor the hot-spot temperature is enabled by a direct look-table based loss model, as it is shown in Fig. 8 , where the capacitor losses are directly linked with the solar irradiance level S, the ambient temperature T a , and etc. Assuming that the harmonic distribution of the ripple current is equal under different environmental conditions, the look-up table based capacitor loss model can then be built up. As a result, it yet requires many off-line repeating simulations in order to obtain the ripple current distributions. Similar modelling has been introduced for the semiconductors in the PV inverters, as it has been presented in [2] and [20] . Fig. 7 actually provides a way to reconstruct the ripple current of the DC-link capacitor based on the system parameters/conditions. It can be implemented in the control system with additional sensors, which become the main drawback of this instantaneous monitoring method. Moreover, detailed mathematical derivations of this method (especially to calculate the ripple current components) have been another obstacle. Nevertheless, if the above issues can be solved, the ripple current reconstruction based instantaneous modelling method offers a possibility to derive the frequency domain models, e.g., from the input power to the hot-spot temperature. Consequently, the dynamics of the hot-spot temperature of the DC-link capacitor in response to the system conditions (e.g., solar irradiance changes, and other transients) can be assessed, which will be an extensive study of this paper.
C. Modelling Method Comparison
All the above modelling approaches can enable an instantaneous monitoring of the DC-link capacitors in gridconnected PV systems. In terms of complexity, the look-up table based solution is the simplest one, but requiring many efforts to build up the look-up table. The accuracy of this instantaneous modelling approach thus is dependent of the "off-line" simulations that are performed. In contrast, the FFT based modelling method and the ripple current reconstruction solution are able to monitor the DC-link hot-spot temperature with high accuracy, and thus an accurate lifetime prediction of the DC-link capacitors can be achieved. However, the complexity is also increased in those approaches, especially for the ripple current construction based model. Considering the trade-off between the implementation complexity and the accuracy of the monitored hot-spot temperature, the look-up table based instantaneous modelling method is implemented in the following.
IV. SIMULATION RESULTS
A. Look-Up Table Implementation
Simulations have been performed on a 3-kW single-phase double-stage PV system like shown in Fig. 2 , where the direct look-up table based instantaneous modelling approach shown in Fig. 8 has been adopted. The PV generator consists of 45 PV panels (i.e., three strings, 15 panels in each string), and the equivalent maximum power is 3 kW at 1000 W/m 2 , 25
• C with the voltage at the Maximum Power Point (MPP) being 266 V. A Perturb and Observe (P&O) MPPT algorithm [22] has been adopted to control the PV voltage. In the case that the DC-link voltage is controlled as: v * dc = 400±10 V, two capacitors are connected in series as the DC-link, and Table  II shows the specifications of the selected capacitor.
Firstly, the single-phase PV system is simulated under different ambient conditions, resulting in the possibility to extract the ripple current at different frequencies using the off-line FFT analysis. Fig. 9 shows the harmonics of the DC-link capacitor current at the fundamental frequency, 20 kHz and 40 kHz. It can be observed that, the high frequency ripple currents will also contribute to the total power losses of the DC-link capacitor. According to Eq. (5), the total power losses on the DC-link capacitor at constant solar irradiance and ambient temperature can be obtained as long as the corresponding ESR values (R ESR (f h )) are known at those frequencies. In most cases, R ESR (f h ) can be found in the datasheet of the DC-link capacitor, as shown in Fig. 10 ; otherwise, experimental measurements like the case shown in Fig. 4 should be conducted. Subsequently, by repeating off-line FFT analysis at different solar irradiance and ambient temperature conditions, a look-table can be built up, which takes the solar irradiance and ambient temperature as inputs and the output is the total power losses on the DC-link capacitor.
B. Examples under Daily Mission Profile of the PV Inverter
An application of the look-up table based instantaneous modelling has been performed on the single-phase gridconnected PV system. In that case, two daily operating conditions, as shown in Fig. 11 , have been adopted as the inputs of the PV system. Then, the instantaneous thermal loading of the DC-link capacitor is translated from the two daily ambient conditions using the look-up table based instantaneous model of the DC-link capacitor, which are shown in Fig. 12 .
As it can be seen in Fig. 12 that the look-up table based instantaneous modelling approach enables an effective translation of operating condition (mission profile) instantaneously to the thermal loading of the DC-link capacitor. Consequently, it is possible to monitor the hot-spot temperature of the DClink capacitor during operation of the PV inverter, and also an online estimation of the capacitor operating hours can be achieved. Notably, in Fig. 12 , only the power losses at the fundamental-frequency, the 20 kHz, and the 40 kHz are considered. Therefore, many transient characteristics of the DC-link capacitor cannot be observed from Fig. 12 , but it can be enabled by the ripple reconstruction based instantaneous thermal modelling approach. Otherwise, in order to monitor the thermal dynamics of the DC-link capacitor, more ripple current components have to be taken into account.
In addition, compared to the thermal loading of the DC-link capacitor in [18] , the estimated hot-spot temperature shown in Fig. 12(a) is lower. This is because in this paper the lookup table based model only considers the ripple currents of the DC-link capacitor at the fundamental-frequency, the 20 kHz, and the 40 kHz. In the case that more ripple current components are taken into consideration, a more accurate hotspot temperature of the DC-link capacitor can be obtained. Nevertheless, the look-up table based instantaneous modelling reveals that high frequency ripple currents should also be considered in the thermal modelling of DC-link capacitor in order to achieve a more accurate temperature monitoring and thus a lifetime estimation of the DC-link capacitor.
V. CONCLUSION
In this paper, instantaneous thermal modelling approaches of the DC-link capacitor in grid-connected PV systems have been explored. The presented instantaneous thermal modelling solutions are based on Fast Fourier Transform (FFT), look-up tables, and ripple current reconstruction. In contrast to the FFT based hot-spot temperature monitoring approach, the look-up table based method is easier to be implemented, but it can still enable an instantaneous translation to the thermal loading of the DC-link capacitors from long-term operating conditions. In terms of high accuracy, the ripple current reconstruction based instantaneous modelling approach offers a possibility to analyze the dynamic thermal performance of the DClink capacitors in the frequency domain. Since the transients are more challenging to the DC-link capacitor lifetime, the instantaneous modelling approaches are of meaningfulness to the future DC-link capacitor design. It is necessary to include high-frequency components for the loss/thermal estimation to the DC-link capacitors. Taking two real-field daily ambient operations as example, simulations on a 3-kW single-phase grid-connected PV systems have been adopted to demonstrate the look-up table based instantaneous thermal modelling approach for the DC-link capacitor.
